Introduction
The North American and Eurasian continental margins are drifting apart since the onset of ocean spreading in the North Atlantic about 55 Ma ago. The continental breakup went along with the eruption of large amounts of magma within a short geological time (White and McKenzie, 1989) . Following the breakup, the magma production rate along the Mid-Atlantic Ridge remained locally unusually high. This resulted in the formation of Iceland (Fig. 1) , which is part of an extensive bathymetric and gravimetric high observed over much of the North Atlantic (Jones et al., 2002) . To the South-West of Iceland, the elevation decreases gradually along the Reykjanes Ridge towards the Charlie-Gibbs Fracture Zone. In contrast, the Kolbeinsey Ridge to the North of Iceland remains at a relatively constant, high elevation until it encounters the Jan Mayen Fracture Zone. The Jan Mayen Islands are another centre of increased magma production, possibly related to a separate hotspot. However, existing global and regional seismic models cannot resolve individual hotspots in this region (e.g. Ritsema et al., 1999; Ritsema and Allen, 2003; Bijwaard and Spakman, 1999; Grand, 2002; Pilidou et al., 2005; Legendre et al., 2012) .
Considerable (kilometre-scale) post-rift uplift in Neogene times ( Fig. 1) is documented on the continental shelves surrounding the North Atlantic (see summaries in e.g. Japsen and Chalmers, 2000; Doré et al., 2002; Carminati et al., 2009) . Uplifted regions include, among others, the southern and northern Scandinavian Mountains in western Scandinavia (Rohrman et al., 1995; Redfield et al., 2005) , part of the British Isles (George, 1966; Green, 1989; Japsen, 1997; Duncan et al., 1998; Hall and Bishop, 2002; Holford et al., 2008) , the Danish Basin (Japsen et al., 2002 (Japsen et al., , 2007 , eastern Greenland (Mathiesen et al., 2000; Johnson and Gallagher, 2000) and Svalbard (Vågnes and Amundsen, 1993) . Deep cratonic roots, which could isostatically balance the additional topography, are lacking beneath these regions. The mechanism for the uplift is debated (e.g. Rohrman and van der Beek, 1996; Ebbing and Olesen, 2005; Holford et al., 2008; Pascal and Olesen, 2009; Ebbing et al., 2012) . A connection to the Iceland hotspot is supported by the tomographic study of Weidle and Maupin (2008) , who image a low-velocity finger extending beneath the lithosphere to the southern Scandinavian Mountains. Beneath parts of the British Isles, Arrowsmith et al. (2005) image low velocities, and Davis et al. (2012) find a negative correlation between crustal thickness and topography. Both of these studies indicate dynamic support, which they suggest to be related to low-density material from the Iceland hotspot. Scaled long-wavelength gravity maps (Jones et al., 2002) indicate that parts of Britain, southern Scandinavia and eastern Greenland are presently experiencing dynamic support related to the Iceland hotspot. Morgan (1971) proposed that the localised, long-lived magmatism of hotspots could be caused by mantle plumes. They are envisioned as narrow, hot upwellings originating from the core-mantle boundary. In the case of Iceland, a possible mantle plume would be interacting with a spreading ridge, and might have weakened the continental lithosphere prior to continental breakup. The mantle plume hypothesis found widespread acceptance, but unambiguous seismic evidence for the continuation of upper-mantle low-velocity anomalies into the lower mantle beneath Iceland is still sparse.
Some global tomographic models show broad and relatively weak low-velocity structures in the lower mantle below Iceland (e.g. Bijwaard and Spakman, 1999; Ritsema et al., 1999; Zhao, 2004) , which cannot be interpreted with certainty as continuous plume structures. Several studies attempted to image the mantle below Iceland using array data recorded on Iceland (Tryggvason et al., 1983; Wolfe et al., 1997; Foulger et al., 2001; Allen et al., 2002; Bjarnason et al., 2002; Delorey et al., 2007) . While all these models agree on the presence of low velocities in the uppermost mantle, results are contradictory in deeper mantle regions. Keller et al. (2000) showed that the limited array aperture used in such studies does not permit unique constraints on the depth extent of the Iceland anomaly. Using receiver functions, Shen et al. (1998 Shen et al. ( , 2002 imaged a locally thinned transition zone below Iceland, indicative for elevated temperatures which could possibly be caused by a hot plume. Other studies, however, imaged a flat transition zone using similar methods (Du et al., 2006) . Hwang et al. (2011) find that simple cross-correlation traveltime measurements are not suited to extract lower-mantle plume information from seismic data. Rickers et al. (2012) come to the same conclusion and explain it with the fact that such methods do not account for diffraction effects in seismic wave propagation, which are strong in the case of small-scale heterogeneities.
The lack of unambiguous evidence for a lower-mantle plume below Iceland leaves the possibility of a different mechanism producing the increased magma volumes. Such a mechanism could be fertile, old crust in the upper mantle, being overridden by the Mid-Atlantic Ridge (Foulger et al., 2001; Foulger and Anderson, 2005; Foulger, 2012) .
The need for an improved tomographic model of the whole North Atlantic region, covering the upper and at least part of the lower (Lawver and Müller, 1994) . Red stars indicate a (non-complete) selection of regions where Neogene uplift is documented (after Japsen and Chalmers, 2000; Japsen et al., 2007; Holford et al., 2008 , and references therein). FZ is used as abbreviation for Fracture Zone. (For interpretation of the references to colour in this figure caption, the reader is referred to the web version of this article.) mantle, motivated this study. Our model is based on non-linear fullwaveform inversion techniques and measurements of the instantaneous phase misfit. This method has been shown to overcome limitations of classical linearised tomography and to potentially improve tomographic resolution in both the upper as well as the lower mantle (Fichtner and Trampert, 2011; Rickers et al., 2012) .
Method, data and inversion

Tomographic method
The inversion is based on a non-linear iterative conjugate gradient optimisation scheme (Fletcher and Reeves, 1964) . Gradients are computed with the adjoint method (Tarantola, 1984; Tromp et al., 2005; Fichtner et al., 2006) , and the misfit between synthetic and observed seismograms is quantified by their instantaneous phase difference (Bozdag et al., 2011; Rickers et al., 2012) . This misfit is a time-dependent and amplitudeindependent measurement of waveform differences. In contrast to traditional tomographic methods, it allows for the consideration of smaller-amplitude phases such as diffracted waves in an inversion. The proper treatment of diffracted waves improves resolution and is essential for the imaging of small-scale anomalies such as plumes, in particular in the lower mantle (Rickers et al., 2012) . The aim of the inversion is the iterative minimisation of a misfit function w, which for a current model m is defined as
where f synt i
ðt,mÞ and f obs i ðtÞ denote the instantaneous phase of the (windowed) synthetic and observed seismogram i at time t, respectively. The total number of seismograms used in the inversion is N, the end time of the synthetic seismograms is T. For a detailed derivation of the instantaneous phase misfit, the reader is referred to Bozdag et al. (2011) .
The forward and adjoint synthetic wavefields are computed with the spectral element code SES3D (Fichtner and Igel, 2008) , which accurately solves the elastic wave equation in strongly heterogeneous, three-dimensional media. Similar techniques have been successfully applied in recent regional full-waveform tomographic studies (e.g. Fichtner et al., 2009; Tape et al., 2010; Zhu et al., 2012) . This study is the first real data application of the instantaneous phase misfit, which has been demonstrated to potentially resolve lower-mantle plumes in preceding synthetic studies (Rickers et al., 2012) .
Model setup
The model covers all of Europe, Greenland, as well as parts of Canada and Russia, spanning a distance of 6000 Â 6000 km in the lateral directions. The covered area is marked by the black outline in Fig. 2(a) . In the vertical direction, the model extends down to a depth of 1300 km. While the actual region of interest is smaller and restricted to the North Atlantic and the adjacent regions, the large model area improves azimuthal ray coverage because events occurring in southern Europe can be included in the inversion, in addition to the events at the Mid-Atlantic Ridge. Furthermore, larger epicentral distances improve the illumination of the lower mantle by body waves.
The model is divided into blocks with a horizontal spacing of 100 km and a depth-dependent vertical spacing of 10 km in the uppermost 350 km, 20 km between 350 km and 700 km depth and 50 km between 700 and 1300 km depth. This honours the steeper vertical velocity gradients and the higher resolution in the uppermost mantle.
We invert for both the horizontally and vertically polarised S-wave velocity b sh and b sv , which is necessary to fit Rayleigh-as well as Love-waves. The P-wave velocity a, the density r and the attenuation Q are kept at the initial values of the starting model throughout the inversion. We base the discussion of the model on the b sh -component of the S-velocity, which our resolution tests indicate to be better resolved.
Starting model and 1-D reference model
Phase measurements, such as the instantaneous phase difference used in this study to quantify waveform misfits, require synthetic and observed waveforms to be within half a period of each other. An accurate starting model is therefore important. It increases the number and length of measurement windows that meet this requirement at the beginning of the inversion and accelerates the convergence towards the optimum model. We used the European full-waveform model developed by Fichtner and Trampert (2011) as starting model. It is based on timefrequency misfits of surface-and body-waves with a minimum period of 60 s. In the remainder of this paper, we refer to it as EU-TF (Europe-Time Frequency). Coherently, we refer to our final model as NA-IP (North Atlantic-Instantaneous Phase). Model slices presented throughout this paper show velocity perturbations with respect to a 1-D reference model. This reference model is a modified version of PREM (Dziewonski and Anderson, 1981) , with a linear gradient replacing the 220 km discontinuity (Fichtner and Trampert, 2011) .
Data
We used a carefully chosen set of high-quality seismic waveform data covering the North Atlantic region, including a substantial amount of body waves sampling the lower mantle. We selected 60 events with magnitudes above Mw 5.4, aiming at a good azimuthal coverage. Data were obtained from the Incorporated Research Institutions for Seismology (IRIS) and the Observatories and Research Facilities for European Seismology (ORFEUS). Station networks include the Greenland Ice Sheet Monitoring Network (GLISN), the Greenland Lithosphere Analysed Teleseismically on the Ice Sheet (GLATIS) Network and the Iceland HOTSPOT Network, which together with stations in continental Europe provided a good coverage of the whole North Atlantic region. The distribution of events and receivers and the ray coverage are shown in Fig. 2(a) .
Because of the natural distribution of earthquakes and the uneven coverage of the region with seismic stations, a bias in the ray coverage cannot be avoided. The iterative inversion scheme can balance a possible bias to a certain degree, but this comes at the cost of a slower convergence of the misfit function. Careful initial weighting of the data can therefore accelerate the inversion. We attempted to correct for the uneven data coverage by manually adjusting the relative weight of stations in the inversion. Based on a visual inspection of the ray coverage and the local station density, the weight of the individual stations was adjusted within a range of 750% with respect to their initial weight.
Inversion
Prior to the start of the inversion, we filtered the observed and synthetic seismograms in a period range between 40 and 200 s. All three components were used, and we selected 4366 highquality seismograms which allowed for meaningful measurements. We manually selected measurement windows where data and synthetics are within half a period of each other, and computed the instantaneous phase difference and corresponding adjoint sources (Tromp et al., 2005; Bozdag et al., 2011; Rickers et al., 2012) . The convergence of the misfit function w as a function of the number of iterations is shown in Fig. 2(b) . After 20 iterations, the initial misfit had decreased by almost 50%. At this stage of the inversion, we increased the frequency content of the seismograms to a minimum period of 25 s. We again selected measurement windows and performed 13 more iterations. While the misfit initially increased at iteration 21 due to the higher frequency content and changed measurement windows, it had decreased again by about 25% at the final iteration.
Validation
The inversion scheme is non-linear, which on the one hand allows for the inclusion of complex wave propagation effects leading to better-constrained models. On the other hand, it is difficult to assess the resolution of the resulting model because there is no simple operator relating inversion input and model output. We estimate the validity of the model in different ways. These are (1) a visual inspection of the global S-velocity model S20RTS (Ritsema et al., 1999) , the initial model EU-TF (Fichtner and Trampert, 2011 ) and the presented model NA-IP, (2) a comparison of waveform fits for these three models, and (3) a linearised resolution analysis for specific regions of the model using Point Spread Functions (Fichtner and Trampert, 2011) .
Visual inspection
A visual inspection of horizontal model slices at a depth of 80 km is presented in Fig. 3 . We show the global mantle model S20RTS (Ritsema et al., 1999) along with the full-waveform models because S20RTS served as starting model to construct EU-TF (Fichtner and Trampert, 2011) , which was then used as starting model to derive NA-IP. It is apparent that the imaged details increase from the smooth global model S20RTS via the European full-waveform model EU-TF to the final North Atlantic model NA-IP. While in S20RTS, a smooth low-velocity zone covers the region around Iceland, in EU-TF it narrows down on Iceland and Jan Mayen and the two hotspots become distinguishable. Other features along the Mid-Atlantic Ridge are not welldefined, however. The higher frequency content, incorporation of regional data and possibly the choice of misfit in the present study eventually lead to a well-defined Mid-Atlantic Ridge in the final model NA-IP. High-velocity features, such as the Greenland and Baltic Shields as well as the North Sea, also become more pronounced. The correlation of imaged velocity perturbations with topographic and tectonic features (Fig. 1) indicates the geologic plausibility of the model, at least in the upper part.
An interesting observation is the much stronger perturbation amplitude of models derived with non-linear full-waveform methods (compare S20RTS and NA-IP in Fig. 3 ). While differences in regularisation and parameterisation certainly contribute to the difference in amplitude between the models, the occurrence of higher amplitudes in full-waveform models is also a result of the consideration of diffraction effects. While in classical linearised inversions, these effects are not properly accounted for and consequently do not contribute significantly to the model, diffracted waves are focused back onto their source region in non-linear full-waveform inversions, leading to a much better recovery of the perturbation amplitude (see Rickers et al., 2012) . A higher frequency content enhances this effect for small-scale structures, explaining the difference in perturbation strength of, for instance, the Iceland hotspot between models EU-TF and NA-IP.
Waveform fits
Improved waveform fits are another indicator of an improved model. In Fig. 4 , examples are presented for a Mw 6.0 event which occurred in Turkey on September 19, 2011. This event is one of the events that was used in the inversion. Synthetic waveforms computed in models S20RTS, EU-TF and NA-IP are compared to the corresponding data recorded at different stations. The waveforms are filtered at periods between 25 and 200 s and contain S-waves and surface-waves as well as their reflections and diffractions. The improved waveform fit of the presented model NA-IP is evident, and in many cases every wiggle within the measurement window could be closely fitted to the data. We note that the amplitude fit improves along with the phase, even though we did not explicitly invert the amplitude information.
Point Spread Functions
A more quantitative method to assess the resolution of tomographic models derived with non-linear inversion techniques are Point Spread Functions (PSFs) (Fichtner and Trampert, 2011) . A PSF indicates how well a small, localised structure in the final model is resolved, and in particular it reveals if trade-offs with structure elsewhere in the model exist. The panels in Fig. 5 (a) show two The diameter of the smoothed point perturbations in b sh is $ 150 km (Fig. 5(c) ). The resulting PSFs in Fig. 5(d) again indicate that the model is well-resolved at the tested locations. We calculated PSFs for a number of different locations and depths, consistently indicating that the b sh -component of our model is well-resolved. In contrast, we find that the b sv -component is less well-resolved in the deeper part of the model. 
Model
In this section, the b sh -component of model NA-IP is presented.
The discussion is divided into four parts, each focusing on a particular feature of the model. These are (1) the cratons and ocean basins, (2) the Mid-Atlantic Ridge and the Iceland and Jan Mayen hotspots, (3) a sub-lithospheric low-velocity layer beneath oceanic and continental lithosphere, and (4) low-velocity conduits beneath the Iceland and Jan Mayen hotspots, suggesting a lower-mantle source.
Cratons and ocean basins
In Fig. 6 , horizontal slices of the model at depths between 60 and 300 km are presented. Prominent high-velocity features are the thick cratonic Greenland and Baltic Shields. They are imaged in numerous studies (e.g. Pilidou et al., 2005; Ritsema et al., 2011; Legendre et al., 2012) , and are recovered sharply and with great detail in our model. The cratonic roots are deepest in northern and south-western Greenland, where they extend to about 160-200 km depth. Towards eastern Greenland, their thickness decreases to below 100 km, which is better visible from the western part of the vertical slices in Fig. 7 . An East-West oriented corridor of reduced lithospheric thickness is imaged across Greenland, which is particularly apparent at depths between 120 and 200 km (Fig. 6) . Its location approximately correlates with the reconstructed track of the Iceland hotspot between 70 and 40 Ma ago (see Fig. 1 ) (Morgan, 1983; Lawver and Müller, 1994) , which may have caused weakening and thinning of the lithosphere along its track.
The Baltic Shield is characterised by high velocities to depths of more than 200 km. Our model shows a sharp boundary between the deep Precambrian lithosphere of the Baltic Shield and the much shallower lithosphere of South-West Norway and the Danish Basin. This is particularly apparent from the eastern end of the vertical slice in Fig. 7(b) , which cuts into the Baltic Shield of southern Sweden. High velocities are further imaged beneath the North Sea and, to a lesser extent, beneath the Lofoten and Norway Basins.
The Mid-Atlantic Ridge and the Iceland and Jan Mayen hotspots
At shallow depths between 60 and 80 km (Fig. 6) , low velocities are imaged within a narrow band to both sides of the Mid-Atlantic Ridge, where new ocean floor is being created and the oceanic lithosphere is thinnest. Two regions of anomalously low velocities are centred beneath Iceland and beneath the northern Kolbeinsey Ridge, just south of the Jan Mayen Fracture Zone. Velocities here are reduced by up to À 11% with respect to the 1-D reference model. At depths between 100 and 200 km, these two low-velocity regions are still clearly distinguishable. At these depths, the Iceland anomaly is elongated in the direction of the Reyjkanes Ridge, with a slight tilt to the South. The Jan Mayen anomaly covers the whole length of the Kolbeinsey Ridge and extends beyond the Jan Mayen Fracture Zone to the southern Mohns Ridge. Velocity perturbations in those along-ridge regions 
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reach between À7% and À11%. Below a depth of $ 250 km, perturbations are much weaker and no longer centred beneath the ridge.
The elevated magmatism in the region of the Jan Mayen Islands and the unusually high elevation of the Kolbeinsey Ridge along its whole length indicate the presence of a separate hotspot. This is supported by geochemical isotope studies (Schilling, 1985; Schilling et al., 1999) , which suggest different sources of the basalts in the regions of Iceland and Jan Mayen. They propose that the boundary between the influence zones of the Iceland and the Jan Mayen hotspots is located about halfway along the Kolbeinsey Ridge between Iceland and Jan Mayen.
Most existing global and regional tomographic models image low velocities in the Iceland -Jan Mayen region (e.g. Bijwaard and Spakman, 1999; Ritsema et al., 2011; Pilidou et al., 2005; Legendre et al., 2012) . The regional surface-wave model of Pilidou et al. (2005) appears to have the best resolution among these models. They image an elongated low-velocity zone centred on Iceland, extending $ 1700 km along-ridge and $ 600 km across at 100 km depth. However, the resolution of their model is not sufficient to constrain the anomaly further, and to make a statement regarding a possible separation of the Iceland and Jan Mayen hotspots.
Resolution tests using PSFs indicate that both hotspots are well-resolved. Our model favours the boundary between the hotspots to be located just to the North of Iceland.
To the South-West of Iceland, the deviation of the low-velocity anomaly with respect to the Reykjanes ridge may be related to radial anisotropy and the fact that the presented model is a b sh -model. Delorey et al. (2007) find an anomalously strongv ð $ 5%Þ and asymmetric (stronger on the European than on the North American side) b sv 4b sh -anisotropy pattern in the upper 100 km beneath the Reykjanes Ridge, peaking at a distance of $ 120 km parallel to the ridge axis on the European side. Their model represents an along-axis average over the length of the Reykjanes ridge and does not constrain along-ridge variations such as the increasing tilt away from Iceland that is imaged in our model. The resolution of their anisotropy model however does not extend below $ 100 km depth, where the observed pattern is strongest in our model.
Sub-lithospheric low-velocity layer beneath oceanic and continental lithosphere-connection to Neogene uplift?
Velocity perturbations are strongest in the vicinity of the hotspots along the Mid-Atlantic Ridge, but a low-velocity layer is imaged beneath much of the oceanic lithosphere of the North Atlantic. It locally extends beneath the continental lithosphere. This suggests a flow of low-velocity hotspot material not only along-ridge, but also in directions away from the Mid-Atlantic Ridge over long distances.
Particularly intriguing are two low-velocity fingers at depths between 120 and 180 km (Fig. 6) , reaching from the hotspot region far into the continental lithosphere. One finger extends towards South-West Norway and further beneath the Danish Basin. The other finger stretches along the British Isles to the tip of Brittany, roughly following the line defined by the Irish Sea between Ireland and the eastern British Isles. These two lowvelocity fingers are separated by the North Sea, below which weakly positive velocities are imaged.
The vertical slices in Fig. 7 yield a clearer image of these sublithospheric low-velocity fingers and their connection to the Iceland and Jan Mayen hotspots. The slice in Fig. 7(a) cuts through the northern Kolbeinsey Ridge and follows the Scandinavian finger to Denmark. The low-velocity material forms a layer below the lithosphere. The layer thickness, defined by a velocity reduction of more than À 2.3%, is approximately 60-80 km. Locally, in particular beneath South-West Norway, the layer is considerably thicker. This may be caused by a branch of the Jan Mayen plume (see Section 4.4 for details). A slice slightly further north (Fig. 7(b) ) indicates that the low-velocity layer is confined to the shallow lithosphere of South-West Scandinavia. It does not extend beneath the thicker Precambriam lithosphere of the Baltic Shield.
The vertical slice in Fig. 7 (c) cuts through Iceland and along the finger beneath the British Isles. The low-velocity layer is slightly thinner and weaker than the layer below southern Scandinavia. It is not thickened locally. A vertical slice through Iceland and the North Sea (Fig. 7(d) ), in-between the two fingers, shows that the low-velocity layer does not extend eastward beyond the Faroe Islands. Instead, weakly positive velocity perturbations are imaged beneath the lithosphere of the North Sea. The lowvelocity region at the eastern end of the slice is related to the Eifel volcanic zone.
It appears that lithospheric thickness does not increase notably with growing distance from the Mid-Atlantic Ridge where the sub-lithospheric low-velocity layer is present. In contrast, the slice through the North Sea shows an increase in lithospheric thickness away from the ridge. This suggests the existence of thin-lithosphere channels beneath the oceanic and continental lithosphere, along which the hot asthenosphere flows over long distances.
The presence of the sub-lithospheric low-velocity layer in our model beneath regions of major (kilometre-scale) post-rift Neogene uplift (Fig. 1) suggests dynamic support of the uplifted regions. A correlation is particularly evident for the British Isles and South-West Scandinavia.
Dynamic support of post-rift uplifted regions by hotspotrelated low-density material has been proposed by various authors (e.g. Rohrman and van der Beek, 1996; Jones et al., 2002; Bott and Bott, 2004) . This may explain the lack of deep crustal roots which normally isostatically balance elevated topography.
A number of smaller-scale tomographic studies confirm the presence of low velocities beneath uplifted regions. Weidle and Maupin (2008) image a sub-lithospheric low-velocity finger reaching from the region of the Iceland hotspot to southern Scandinavia. They are careful with their interpretation, however, because their model shows a continuation of the low-velocity anomaly into southern Sweden, where other models image the much thicker cratonic lithosphere of the Baltic Shield. Their imaged finger is consistent with our model, except that we do not image a continuation of the low-velocity layer beneath the Baltic Shield. Our model shows a continuation of the finger into the Danish Basin, along the southern boundary of the Baltic Shield. In the Danish Basin, Neogene uplift (and successive erosion) is documented (Japsen et al., 2002 (Japsen et al., , 2007 .
Beneath the northern and central British Isles, Arrowsmith et al. (2005) image a region of reduced compressional wave velocities which they attribute to a low-velocity finger from the Iceland hotspot. Davis et al. (2012) find a northward decrease in crustal thickness beneath Britain, which negatively correlates to average elevation. They argue for the presence of a low-velocity layer beneath the lithosphere, providing isostatic support of the elevated regions.
For the regions of the British Isles and Southern Scandinavia, the correlation of the sub-lithospheric low-velocity layer with Neogene uplift is most apparent. Low velocities are further imaged at depths between $ 100 km and 400 km beneath the cratonic lithosphere of eastern Greenland, possibly isostatically balancing the major Neogene uplift documented in this region. The Neogene uplift of the northern Scandinavian Mountains may be caused by a different mechanism than the uplift of the southern Scandinavian Mountains, unrelated to mantle processes (Ebbing and Olesen, 2005) . This would be consistent with our model, which does not show a low-velocity layer beneath the northern Scandinavian Mountains. Svalbard, where major Neogene uplift is also documented, is located at the edge of the wellsampled part of our model. A strong low-velocity anomaly is imaged to its West beneath the Mid-Atlantic Ridge. The anomaly appears to extend beneath the western part of Svalbard, but the resolution at the edge of the model may not be sufficient to confidently confirm a correlation.
The pattern of the low-velocity layer imaged in our model correlates well with estimates of present-day dynamic support by Jones et al. (2002) . Their estimations are based on scaled versions of the long-wavelength (4 800 km) free-air gravity anomaly field. In Fig. 8 , we show an updated figure from Jones et al. (2002) based on the more recent GRACE gravity data (Tapley et al., 2007) . As described in Jones et al. (2002) , the appropriate scaling factors Z are different for sub-aqueous ( Fig. 8(a) , Z¼35 mGal km
) and sub-aerial (Fig. 8(b) , Z¼50 mGal km À 1 ) regions. To facilitate a comparison with our model, Fig. 8(c) shows the averaged velocity perturbation of model NA-IP in the depth range between 100 km and 200 km. This depth range covers much of the sub-lithospheric low-velocity layer at the European side of the Mid-Atlantic ridge, as well as the low velocities beneath the Mid-Atlantic ridge. It does not cover the deeper lowvelocity layer beneath Greenland. Similar to the gravity field, the averaged velocity has been low-pass filtered through convolution with a Gaussian of width 800 km.
It is apparent that the estimations of present-day dynamic support correlate to the imaged sub-lithospheric low-velocity Fig. 8. (a and b) Estimates of present-day dynamic support in the North Atlantic region, calculated according to (Jones et al., 2002) through division of the long-wavelength free-air gravity anomaly field by a constant admittance Z. For estimates of dynamic support in sub-aqueous regions, Z¼35 mGal km À 1 is considered appropriate, for subaerial regions Z¼ 50 mGal km layer on the European side of the ridge. The correlation is most intriguing for the fingers beneath the British Isles and the southern Scandinavian Mountains (sub-aerial, Fig. 8(b) and (c) ). The low-velocity pattern along the Mid-Atlantic Ridge and particularly in the region of Iceland and the Kolbeinsey Ridge also resembles the pattern of estimated present day support fairly well (sub-aqueous, Fig. 8(a) and (c) ).
Our S-velocity model gives strong support to the inferences of Jones et al. (2002) of wide-spread dynamic support in the NorthAtlantic region by the Iceland plume. A sub-lithospheric flow of hotspot material in directions perpendicular to the Mid-Atlantic ridge is also argued for by the tomographic study of Delorey et al. (2007) .
A lower-mantle source for the Iceland and Jan Mayen hotspots
Our model shows separate low-velocity conduits connecting the upper mantle hotspots of Iceland and Jan Mayen into the lower mantle. This is best seen in the vertical slices in Fig. 10(a) and (b) , which cut approximately perpendicular to the Mid-Atlantic Ridge through the Iceland and Jan Mayen hotspots. Below both hotspots, low velocities extend through the transition zone into the lower mantle. Between the two hotspots ( Fig. 10(c) ), high velocities are imaged in the transition zone, indicating a separation of the conduits. The strength of the velocity perturbations in the conduits below a depth of 400 km varies between À0.5% and À2% with respect to the 1-D reference model. The conduits have a diameter of 300 to 400 km in the lower mantle and 100-200 km in the upper mantle. At depths above $ 300 km, the conduits expand laterally to form the broad low-velocity region below the North Atlantic lithosphere.
The mantle surrounding the low-velocity conduits shows strong positive velocity perturbations. These are more pronounced at those depths where the conduits are weaker, particularly around the 660 and 410 km discontinuities. The 1-D reference model appears to systematically underestimate the velocity at these depths, possibly because it is not accurate when used as reference for full-waveform models. Independent from the reference model, a strong velocity contrast between the lowvelocity conduits and the surrounding mantle is imaged at all depths.
The conduits beneath both the Iceland and Jan Mayen hotspots are tilted to the South-East, possibly reflecting the westward motion of the Mid-Atlantic Ridge with respect to a fixed hotspot reference frame (Morgan, 1983) . The location where the Iceland conduit is imaged to cross the mantle transition zone agrees with results of Shen et al. (2002) . They constrain the variation in transition zone thickness below Iceland using receiver functions and find the centre of a thinned region, indicative of a hot transition zone, to be located just south of Iceland. Their location corresponds precisely to the location of the Iceland conduit at a depth of 600 km in our model (Fig. 9) . The results of Pritchard et al. (2000) , who analyse patterns in waveform data recorded in Scotland and Norway, are also consistent with a South-East tilted low-velocity conduit.
The vertical cross-section in Fig. 10(b) suggests that the Jan Mayen conduit splits into two branches. Besides the main conduit leading in the direction of Jan Mayen, a second branch ends in the thickened low-velocity zone beneath the lithosphere of the southern Scandinavian Mountains in Norway. The vertical cross-section suggests the branching to occur at a depth of about 500 km. However, an eastern branch closer to Norway is already visible at depths of 700 km and 800 km in Fig. 9 . A branching plume could provide an explanation for the thickened low-velocity layer below the lithosphere of South-West Norway and the comparatively high elevation of the southern Scandinavian Mountains.
We constrained the temperature anomalies within the lowvelocity conduits by converting the S-velocity model into a temperature model, based on mineral physics constraints Lithgow-Bertelloni, 2005, 2011) . With respect to the 1-D reference model, the excess temperature in both conduits exceeds 200 K throughout the lower mantle. In parts of the transition zone, in particular within the Iceland conduit, it decreases to about 50 K. With respect to the (faster and colder than average) mantle surrounding the conduits in the transition zone, however, the excess temperature still exceeds 120 K throughout the transition zone. In the upper mantle above the transition zone, the temperature anomaly again increases to values exceeding 200 K. Within the uppermost 300-400 km of the mantle, the excess temperature increases steeply and reaches 700 K below the hotspots and large parts of the oceanic lithosphere. Such high excess temperatures suggest that partial melting strongly contributes to the extremely low S-velocities in the uppermost mantle.
Conclusions
We have derived a high-resolution S-velocity model of the North Atlantic region, covering the upper and part of the lower mantle to a depth of 1300 km. The model is derived with nonlinear full-waveform methods, the misfit between synthetic and observed waveforms is quantified with the instantaneous phase difference. S-waves and surface-waves together with their reflected and diffracted waves constrain the model, the data set consists of more than 4000 seismograms. Resolution tests using Point Spread Functions, an improved waveform fit and the correlation of the model with topographic, tectonic and gravimetric features confirm the geologic plausibility and high resolution of the model. The most important features of our model are:
(1) A well-resolved Mid-Atlantic Ridge and the presence of two separate hotspots beneath Iceland and beneath the northern part of the Kolbeinsey Ridge close to Jan Mayen. Separate hotspots are supported by geochemical (Schilling et al., 1999) and bathymetric evidence, but could not be identified in previous tomographic models. Velocities beneath both hotspots are reduced by up to À11%. A layer of low-velocity asthenosphere originating from the hotspots is imaged beneath much of the oceanic and part of the continental lithosphere of the North Atlantic region. (2) A connection of the Iceland and Jan Mayen hotspots with post-rift uplift of South-West Scandinavia and parts of the British Isles is strongly supported by our model. Gravity-based estimates of present-day dynamic support in the North Atlantic region (Jones et al., 2002) agree very well with the imaged sub-lithospheric low-velocity pattern on the European side of the ridge. A correlation between a sub-lithospheric low-velocity layer and Neogene uplift is also found for eastern Greenland. Our model is consistent with, and places into a larger context, previous smaller-scale studies of the Scandinavian region (Weidle and Maupin, 2008) and the British Isles (Arrowsmith et al., 2005; Davis et al., 2012) . These studies suggest the presence of hotspotrelated low velocities beneath uplifted regions. (3) A lower-mantle source for both the Iceland and the Jan Mayen hotspots is suggested by our model. We image separate South-East-tilted low-velocity conduits beneath both hotspots, connecting through the transition zone into the lower mantle. Their diameter is 300-400 km in the lower mantle and 100-200 km in the upper mantle. Velocity perturbations within the conduits reach À 0.5% to À 2.0% with respect to the 1-D reference model, corresponding to excess temperatures of approximately 50-200 K. The 1-D reference model appears to underestimate velocities in the vicinity of the transition zone discontinuities, therefore the absolute velocity and temperature contrast between conduits and surrounding mantle is likely to be greater. The conduits are separated in the transition zone and the upper mantle, but a possible full separation in the lower mantle cannot be clearly inferred from our model. The location of the imaged Iceland conduit is consistent with the receiver function study of Shen et al. (2002) , who observe a locally thinned transition zone south of Iceland. The Jan Mayen plume appears to branch at a depth of about 500 km, or possibly deeper. The second branch is directed towards south-western Norway, where a thickened low-velocity layer beneath the continental lithosphere is imaged. (4) The model resolves the Greenland and Baltic Shields in great detail. We image a East-West oriented corridor of thinned lithosphere beneath Greenland, approximately correlating with the reconstructed track of the Iceland hotspot between 70 Ma and 35 Ma (Lawver and Müller, 1994) . The hotspot may have weakened the lithosphere while it was located beneath Greenland. A sharp boundary between the thick, Precambrian lithosphere of the Baltic Shield and the thinner continental lithosphere of South-West Norway and the Danish Basin is imaged in our model. The sub-lithospheric low-velocity layer cannot cross this boundary and is confined to the shallower lithosphere of South-West Scandinavia.
